Particle foams and open cell sponges play nowadays an important role in academia and industrial research. The fabrication of new high-performance foams is one of the challenges. Until now, it is impossible to visualise the quality of particle foams, and the quantification is only possible with expensive analytical methods like scanning electron microscopy. In this work, we demonstrate a simple method for the visualisation of void sizes and defects inside particle foams on the basis of expanded polystyrene. The concept was transferred to porous materials, which work as templates for the formation of ultralight poly(para-xylylene) foams with stunning properties.
Introduction
Polymer foams are widely used in everyday life because of their excellent properties like low weight, good weight/ strength ratio and extraordinary thermal and acoustic insulation. A wide range of different foams are available that are classified as open cell or closed cell foams. In melamine formaldehyde foam, an open cell foam, the structure consists of cell struts only without any walls. Open cellular foams are mostly used for acoustic insulation and cushioning. By contrast, closed cell foams like expanded polystyrene (EPS) are generally more rigid and are in use for packaging applications and thermal insulation (1) . EPS is a bead foam that consists of small foamed beads that are fused together with hot steam. EPS has a unique structure in different length scales (2) . During the formation of EPS, various parameters have an influence on the resulting material. For example, the cell size can be controlled by the expansion time and temperature as well as nucleating agents (3) or low molecular weight components as reported by Stafford et al. (4) . The morphology of the foam is highly important for the final properties. Also, the fusion quality has a high impact on the materials properties like tensile strength (5) and fracture toughness (6) . Besides the macrovoids, the interstitial volume in the areas where three or more beads gather are important. They can appear as defects that initialise cracks and lead to faster crack propagation. Here, two modes of failure are possible. Badly fused foams mainly fail in interbead mode along the bead-bead interfaces, whereas wellmoulded foams fail in intrabead mode. Here, cracks run through the beads because the fused interface is stronger than the rupture strength of the beads.
The correlation of welding quality and mechanical properties was shown in previous studies (5) (6) (7) where the fusion quality was determined using the degree of fusion (DOF). This is defined as the ratio of areas of intra-and interbead fracture. However, the DOF does not necessarily give information about the mechanical properties of a material. With a high DOF, good mechanical properties can be expected, whereas a low DOF does not allow any statement concerning the mechanical properties. Although the DOF has some drawbacks, it is an extremely important parameter to assess the fusion quality and cannot be neglected. To the best of our knowledge, only one method that requires mechanical testing, scanning electron microscopy (SEM) analysis of the fracture surface and evaluation of the failure mode is known and used to determine the DOF (5-7). This method is useful but has limitations and drawbacks, such as the high efforts and costs. An alternative to this method could be the chemical vapour deposition (CVD) coating by poly(para-xylylene) (PPX).
The preparation of PPX by pyrolysis of p-xylene and subsequent CVD was first reported by Szwarc in 1947 (8) . It was a yellowish cross-linked material. The preparation of linear PPX (trade name Parylene) by pyrolysis of [2.2] paracyclophane and followed by CVD polymerisation of 1,4-quinodimethane (Scheme 1) reported by Gorham in 1966 marked the breakthrough for the technical application of PPX (9) . Nowadays, PPX is mainly used as highly efficient packaging material for demanding medical or electronic applications (10, 11) because of its biostability and biocompatibility as well as its superior electrical insulation and barrier properties in combination with very good thermal and hydrolytic stability as well as excellent solvent resistance (12) . The big advantage of the polymerisation out of the gaseous phase is the homogeneous and conformal coating of complex structures like microdevices (13), nanotrenches (14) or fibre mats (15, 16) . In addition, sensitive substrates are suitable for the PPX coating because the polymerisation proceeds at room temperature.
The aim of this study was to use porous structures as sacrificial templates for porous 3D PPX structures. Simultaneously, we wanted to evaluate the CVD coating of PPX of porous sponges as a novel analytical tool for the visualisation of the void structures of porous 3D objects like EPS foams and sugar cubes, which would help to understand structure-property relationships. Tetrahydrofuran (THF, technical grade, CSC Jäklechemie, Nürnberg, Germany) was distilled before use. Expanded polystyrene were obtained from Neue Materialien Bayreuth (Bayreuth, Germany) with densities of 25 and 40 g/l, respectively. For each density, the moulding conditions (steam temperature and steaming time) were adjusted to achieve samples with low and high fusion quality.
Methods
The PPX coating thickness was determined by measurement of the step height with a Veeco Dektak 150 Profilometer. Therefore, a glass slide was coated simultaneously with the samples. The deposited PPX layer on the glass slide was cut at three different positions, and the step 
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Scheme 2: Schematic diagram for the fabrication of a PPX sponge using porous templates. First, a porous material was coated with PPX by the CVD approach so that it filled the empty space inside the template. Afterwards, the template was removed by dissolving it, and the resulting PPX sponge showed the inverse structure of the porous template. height was measured with a profilometer. The average height of the three measurements gave the coating thickness. The successful coating of the templates was proven by infrared (IR) spectroscopy. This was done with a Digilab IR spectrometer of the Excalibur series equipped with an ATR unit consisting of a ZnSe crystal. SEM (Zeiss Leo 1530) was used to characterise the morphology of the samples. Before the measurements, these were sputtered with 2 nm platinum. Microcomputed tomography was done with a Bruker Skyscan microtomograph 1072. Scan parameters were 29 kV, 172 μA, 60× and 180° rotation with 0.23° angular steps. The images were evaluated with the software MAVI (version 14.1). Contact angles were determined on a Krüss Drop Shape Analyzer Model DSA 25S (Advance Drop Shape Version 1.3.1.0). For each measurement, a 5-μl water drop was settled on the surface and five values were taken with a Young Laplace fit. Ten drops were analysed for every sample to give the static contact angle. Thermal conductivity was determined on a Hot Disk TPS 2500 S equipped with Kapton insulated C5465 Sensor (radius 3.189 mm). An external PT100 Sensor was measuring the surrounding temperature, and a method for bulk materials was used with a measurement time of 10 s and a heating power of 5 mW. The obtained data were evaluated with the software Hot Disk Thermal Analyzer Version 7.2.8. The samples had a size of 16 × 16 × 11 mm.
PPX coating and template removal
The procedure for generating the inverse structure of a porous material is shown in Scheme 2 and included the PPX coating and removal of the template. The PPX coatings were done in an SCS Labcoter ® 1 PDS 2010. The EPS samples were cut in pieces of 20 × 20 × 12 mm, and prior to use, all samples were dried over night at 50°C and reduced pressure. The EPS samples were placed in the deposition chamber by impaling them on a bed of nails located on the rotating sample holder to ensure a uniform coating from all sides. The sugar cubes were placed directly on the rotating table of the Coater. The thickness of the PPX coating was controlled by the amount of paracyclophane. The paracyclophane was vaporised at 150°C and then pyrolysed at 650°C under reduced pressure. The deposition chamber was kept at a pressure below 50 mbar at room temperature. Coatings with thicknesses of 0.75, 1.5 and 2.0 μm were obtained.
Each PPX-coated EPS sample was extracted with 50 ml THF under stirring for 48 h. The solvent was changed during the extraction process several times, and afterwards the samples were dried at 50°C under reduced pressure.
The PPX-coated sugar samples were extracted for 72 h under stirring with deionised water at 60°C. The water was changed at various times during the extraction process. Afterwards, the samples were dried at 50°C under reduced pressure.
Results and discussion

PPX-coated EPS samples
The EPS samples were coated with different coating thickness of PPX by CVD. The deposition chamber had to be evacuated for 3 h because of the high amount of gas that had to diffuse out of the EPS samples until the working pressure was reached. After the coating was completed, the pressure inside the coating device was allowed to increase slowly in order to avoid collapse of the samples. The presence of the PPX coatings was verified by comparison of IR spectra of pure EPS, PPX-coated EPS, and pure PPX ( Figure 1A) . The spectra of the pure EPS sample showed the characteristic absorbance bands for monosubstituted benzene rings at 694 and 754 cm − 1 , which are characteristic of polystyrene. The PPX spectrum shows a band at 820 cm − 1 , which is typical for para-disubstituted benzene rings. The spectrum of the PPX-coated EPS sample has all three bands and proves the successful PPX coating on the EPS sample. Figure 1B includes the IR spectra of three different PPX coating thicknesses, and only the area of interest between 600 and 1600 cm − 1 is shown. The comparison of the three different coating thicknesses nicely illustrates the growth of the PPX band at 820 cm − 1 with increasing coating thickness, and a simultaneous decrease of the two characteristic bands for monosubstituted benzene rings. In order to prove that the inside of EPS samples was also coated with PPX, the samples were cut, and IR spectra of the inside were recorded (Figure 1C and D) . The difference between spectra C and D is the density of the used EPS. The density of the EPS out of spectrum C was lower (25 g/l) and from spectrum D was higher (40 g/l). In both spectra, the characteristic bands for the PPX and polystyrene are visible, and on the outer surface, the PPX band is significantly stronger than inside the samples. A comparison of the spectra from the inside of the samples shows clearly that the PPX band in the low-density EPS is stronger than that in the high-density EPS. This observation indicates that the density of the EPS has an impact on the diffusion of the reactive moiety into the samples. Therefore, the applied coating technique is suitable for the desired purpose as an optical illustrator of welding qualities in particle foams. SEM images of the uncoated (A, C) and PPX-coated EPS (B, D) are shown in Figure 2 . The macroscopic structure of the EPS was not damaged through the PPX coating ( Figure 2B ). The comparison of Figure 2C and D presents the additional polymer layer on the bead walls, which was obtained by the PPX coating. These images indicate the good diffusion of PPX also inside the foam.
The IR spectra and SEM images proved the coating of the EPS with PPX from the inside and outside so that the polystyrene could be extracted by placing the sample in THF, which was stirred to achieve a higher diffusion as a result of the motion inside the solvent. After the polystyrene extraction, the remaining PPX formed a stable cube with the same dimensions like the EPS templates ( Figure 3A) . Depending on the welding quality and density of the EPS, the resulting PPX structure showed different frameworks ( Figure 3B ). The monomer gas could better penetrate into the bad welded EPS so that the PPX was formed in the existing voids of the foam and makes these voids visible ( Figure 4A and C) . By contrast, the PPX sponges out of the well welded EPS were inside nearly PPX free ( Figure 4B and D) . Also, the density had an impact on the penetration of the monomer gas into the EPS as already proven by IR spectroscopy. The comparison of Figure 4B and D shows clearly that more monomer gas could penetrate into the lower-density EPS (B) than into the higher-density EPS (D).
It was shown that the 1,4-quinodimethane gas could penetrate porous structures like EPS and polymerise inside these structures to build the inverse structure. This technique allows the visualisation of defects and voids in particle foams and also allows a qualitative statement concerning the welding quality and density.
Sugar cubes as template for PPX foams
The experiments with the EPS showed that the monomer gas can penetrate into porous structures to build the inverse structure. To prove that this concept can be adapted onto any A PPX-coated sugar cube was extracted with hot water to form a PPX foam (A). The cross section of the PPX foams shows the complete penetration of the gas into the inside (B). μ-CT was used for imaging the 3D structure of the foam (C) and cross-sectional analysis (D).
porous structure, sugar cubes were coated with PPX with the same three thicknesses like the EPS samples and the sugar was afterwards removed by extraction with hot water for several days ( Figure 5A ). For all three PPX thicknesses, stable PPX foams could be obtained, and the cross section of the resulting foams showed that the monomer penetrates the whole structure ( Figure 5B ). Coatings with PPX thickness of 0.50 μm did not result in stable foams. Obviously, the amount of PPX was too low to form a stable sponge. This can be explained by the decreasing coating thickness with increasing distance into small channels (17) . Depending on the coating thickness, foams with an apparent density between 7 and 20 g/l and porosities over 98% were received (Table 1) . These values are in the area of new discovered, ultralight sponges made out of electrospun short cut fibres with densities between 3 and 9 g/l and a porosity of 99.6% (18) . Images made with microcomputed tomography (μCT) proved the continuous foam formation also inside the structure ( Figure 5C and D) . The cross-sectional analysis gave a good impression of the tangled structure of the PPX foam. Thus, PPX coating of porous structures is also a straightforward method for producing ultralight foams.
The rectangular sugar crystals were coated with PPX, and after the removal of the sugar, PPX shells with a rectangular shape were obtained, which can be seen in the SEM images in Figure 6A and B.
Duan et al. (19) showed that ultralight PPX-coated foams exhibit superhydrophobic behaviour. The requirements for superhydrophobic behaviour are given for the PPX foams, but in Figure 6C , a water drop on the PPX foam is shown, and it is clearly observable that no superhydrophobic behaviour is existent (contact angle 112° ± 8°). An explanation could be that the air pockets under the water drop are too big so that the water penetrates partially into the foam and a metastable state between the Cassie-Baxter and the Wenzel states is formed. To get superhydrophobicity, the drop has to be in the Cassie-Baxter state. Although no superhydrophobicity is existing, the foam can be used to separate hydrophilic and hydrophobic liquids. A dyed drop chloroform was placed into a beaker filled with water ( Figure 6D ). The PPX foam was then dunked into the water, which was not absorbed into the foam. When the foam touched the chloroform, this was absorbed instantly into the foam. The PPX foam can therefore be used to separate hydrophobic and hydrophilic liquids selectively. Because of the good thermal stability and solvent stability even at higher temperatures of PPX, these foams could be used for oil-water separation inside engines.
Foams are used for insulation applications, e.g. thermal or noise insulation like melamine foams (20) . Measurements of the thermal properties were done with a hot disk. The thermal conductivity was measured to be below 28 mW/m · K, and the thermal diffusivity was determined between 0.80 and 1.03 mm 2 /s (Table 1) . Comparison (20) of the thermal conductivity with existing foams is shown in Table 2 . The values of the PPX foam are in the same range like the existing insulating materials and can compete with these materials exploiting the advantage of PPX like solvent and hydrolytic resistance in combination with excellent biocompatibility.
Conclusions
The low specific weight of foams make them an interesting material for a lot of applications, but the development of novel foams and the in-depth characterisation are important to improve their properties. Here we show that macroscopic and complex porous structures can be replicated with PPX. Because of the conformal coating via CVD, the PPX replicate structures are a powerful tool for the determination of the quality of EPS foams. The ability of the monomer gas to penetrate into the foam and to pattern the inverse structure makes it possible to visualise defects and void sizes. The concept of porous material as template was then transferred, and novel, ultralight PPX foams could be produced with a cheap, easy accessible template material using sugar cubes. These foams showed interesting thermal properties and wetting behaviour that could be used in insulation applications or in the oil/water separation even at higher temperatures because of the excellent stability of PPX. The particular potential of this approach is that the numerous PPX derivatives could be coated by CVD on foam or sugar templates (24) or modified after deposition (25), which allow a large variety of new foam structures.
